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This study describes the feasibility of fabricating of a single layer of fullerene embedded Si surface through a controlled self-assembly mechanism in an ultrahigh vacuum ͑UHV͒ chamber. The characteristics of the fullerene embedded Si surface are investigated directly using UHV-scanning probe microscopy. Additionally, the band gap energy and field emission parameters, including turn-on field and the field enhancement factor ␤ of the fullerene embedded Si substrate, are determined using a high-voltage source measurement unit and UHV-scanning tunneling microscopy, respectively. Moreover, the nanomechanical properties, which represent the stress of the fullerene embedded Si substrates, are assessed by an environment atomic force microscope ͑AFM͒ and UHV-AFM, respectively. Results of this study demonstrate that a single layer of the fullerene embedded surface has superior properties for nanotechnology applications owing to the ability to control the self-assembly mechanism of fabrication. © 2010 American Institute of Physics. ͓doi:10.1063/1.3475775͔
The pioneering study of Feynman on nanotechnology ͑1959͒, ushered in the fabrication of several nanomaterials by controlling the material structure with assembly mechanisms.
1 Elucidating the effect of size variation in nanoscale has also led to various and unique physical and chemical properties in materials. While extending Feynman's theories to observe and manipulate atoms, Binnig and Rohrer ͑1981͒ also conducted nanomeasurements possible with scanning probe microscopy ͑SPM͒.
1,2 Following the above developments, nanotechnology has been extensively adopted in modern science and a diverse array of applications.
Fullerene molecules and their composite materials are considered a distinctive nanomaterial owing to their excellent structural characteristics, electronic conductivity, mechanical strength, and chemical properties.
3-6 Their applications have brought opportunities in various fields, such as electronics, computers, fuel cell technology, solar cells, and field emission technology. 7, 8 Among a wide range of potential materials, silicon/carbon ͑nanoparticles͒ composite has received considerable attention recently in device technologies because the characteristics of silicon carbide include a wide band gap, high thermal conductivity and stability, great breakdown in electronic field strength, and chemical inertness. However, conventional silicon carbides have several limitations. 9 For instance, high density defects, including micropipes and dislocations, frequently appear on their surfaces. Such defects can even propagate into substrate materials and cause device failure. 10 Although SiC preparation has been studied since 1960, this unresolved problem degrades the performance of SiC devices. 11, 12 This study fabricates a monolayer of fullerene molecules on the Si͑111͒ disorder surface in an UHV chamber through a controlled self-assembly process. The electronic and mechanical properties of the fullerene embedded substrate are also investigated using different surface analyses. Excellent characteristics of the developed material demonstrate of the role of nanotechnology by controlling matter on an atomic and nanoparticle scale. Results of this study indicate that the fullerene embedded silicon substrate is a highly promising alternative for semiconductor carbide in optoelectronic devices and high-temperature, high-power, or high-frequency electronic devices. 13, 14 All experiments were performed in an ultrahigh vacuum ͑UHV͒ chamber with a variable temperature SPM. 15 Fullerene deposition is achieved via a K-cell under a pressure less than 5 ϫ 10 −8 Pa at 650°C with the preannealed silicon substrate at 800°C for 30 min. Next, the stiffness of the fullerene embedded Si substrate in air and the UHV environment, respectively, was investigated by using an atomic force microscope ͑AFM͒. Used to evaluate the surface mechanical properties, the Si probes have a tip radius of ϳ5 -20 nm and spring constant of ϳ40 N / m. The sample bias and the tunneling current used for UHV-scanning tunneling microscopy ͑STM͒ imaging are generally Ϫ2 V and 0.1 nA, respectively. C 84 molecules were chosen for presentation in this paper. The field emission system was operated in a vacuum chamber at a pressure of approximately 5 ϫ 10 −5 Pa. The fullerene embedded silicon substrate functioned as the cathode, and a copper probe with a cross section area of ϳ0.71 mm 2 acted as the anode. The distance ͑d͒ between the cathode and anode was around 590 m. Additionally, the emission current was determined with a Keithley 237 high-voltage source measurement unit with a current amplifier by applying a voltage ranging from 100 to 1100 V in the field emission regime. Finally, the optoelectronical a͒ Author to whom correspondence should be addressed. properties were determined based on photoluminescence ͑PL͒ emission measurement.
Annealing treatment was performed to remove surplus fullerene and form the hexagonal close-packed structure of C 84 arrays on the surface. 16 With this repeated annealing process, fullerene C 84 molecules were considered evenly distributed on the silicon surface through a layer-by-layer growth mechanism. Figure 1͑a͒ shows a flat and self-assembled single layer of C 84 molecules on the Si͑111͒-disordered surface. The inset presents a close view of the C 84 molecule, indicating that C 84 molecules are aligned vertically to the Si͑111͒ surface. 17 Profile analysis of C 84 molecules on Si͑111͒ surface in Figs. 1͑a͒ and 1͑b͒ reveals that the heights and spacing are approximately 6.5 and 11.7 Å for a single C 84 layer on an Si͑111͒ surface. The vertical sizes of the C 84 on Si surface are significantly smaller than its real size in free space ͑9Å ϫ 7 Å͒. This indicates that the C 84 molecules are embedded in the silicon surfaces. The C 84 is oval-shaped with a larger height-diameter ratio approximately 1.3 compared to the ball-shaped C 60 in free space. This increased ratio offers an improvement field emission characteristics, 18 and the diameter of the top of a C 84 molecule is only 0.3 nm on Si surface ͓Fig. 1͑c͔͒. The spacing-height ratio of the C 84 embedded Si͑111͒ substrate is approximately ϳ1.8, which is close to the best value ͑ϳ2͒ for field emission spacing-height in simulations of patterned CNT films. 19 Figure 2 shows the derivative ͑dI/dV͒ versus the voltage curve which corresponds to the local density of states on a substrate surface. An inset presents the ͑dI/dV͒-V curve with an enlarged scale of the z-axis of Fig. 2 . The curve reveals that the C 84 embedded Si substrate has semiconductor properties. As is estimated, the band gap energy of C 84 embedded Si substrate is around 3.4Ϯ 0.5 eV. In comparison with silicon, GaAs, and SiC, a C 84 embedded Si substrate has a wider band gap for optoelectronic applications. 20 According to published data from UHV-SPM experiments, 21, 22 Si surfaces interact very energetically with hydrogen, oxygen, or nitrogen atoms at temperature above room temperature. However, a C 84 embedded Si substrate is an inert chemical and can be removed from the UHV chamber for other studies and measurements when the C 84 self-assembled layer is compactly arranged on the silicon surface.
Many parameters that affect field emission characteristics have been extensively studied for years to address field emission issues. [23] [24] [25] These parameters include geometry, structure, aspect ratio, and screening effect of nanostructures. As is widely assumed, the high aspect ratio with a nanowire design array is a superior design for field emission. 18 This study describes the feasibility of fabricating a self-assembled array of C 84 layer in an UHV chamber. The C 84 embedded Si substrate is removed from the chamber for field emission testing. Figure 3͑a͒ shows the field emission current density versus the electric field curve of the self-assembled C 84 layer, as measured by a Keithley 237 source-measure at room temperature. The turn-on electric field ͑E on ͒ is approximately 1.12 V / m when the corresponding turn-on current density ͑J on ͒ reaches 1 A / cm 2 . The field emission efficiency can also be evaluated by estimating the geometric enhancement factor ␤. According to the plot in the inset of Fig. 3͑a͒ , the field emission properties follow the corresponding Fowler- 
061908-
Nordheim ͑FN͒ behavior. The field enhancement factor ␤ can be derived from the slope of the F-N plot. Experimental results indicate that the value for the work function of fullerene molecules is around 5 eV, i.e., the same as for graphite. 26 According to the slope of the F-N plot, the ␤ value is around 4.3ϫ 10 3 . In contrast with other field emission electron sources, factor ␤ of carbon nanotubes is around 100-10 000; the value of SiC nanowires is around 10 2 -10 3 , and ϳ10
4 for special designs. [23] [24] [25] Notably, the geometric factor ␤ of the single self-assembly layer of the fullerene embedded Si substrate in this study is rather large, while the turn on field is relatively small. This study also reexamines the field emission properties in a UHV system through STM I-V measurements. Figure  3͑b͒ and the inset display the J-E and F-N plots of the selfassembled C 84 layer measured by UHV-STM at room temperature. The distance between the tip and the fullerene embedded silicon substrate is around 1 nm. The corresponding turn-on electric field ͑E on ͒ is approximately 1363 V / m, while the current density ͑J on ͒ reaches 10 8 A / cm 2 . As is estimated, the field enhancement factor ␤ is estimated at around 3.3 in the UHV-STM system. The finding is attributed to that the geometry and diameter of the STM tip ͑an-ode͒ are similar to those of C 84 molecules ͑cathode͒. They resemble parallel plates at an extremely close distance. The turn-on voltage is estimated approximately 2.2 V in a UHV system. In comparison with turn-on voltages in other studies which are around 500-3000 V, 24, 25 the result is considerably small. Moreover, the breakdown voltage of the C 84 embedded Si substrate is obtained as 3.0ϫ 10 7 V / cm. The optoelectronical properties are determined by PL emission measurement with a He-Cd laser source at 325 nm. The spectra revealed that the C 84 embedded Si substrate with 3.4, 2.98, and 2.67 eV for UV and near UV light emission is highly applicable in the optoelectronic industry. The peaks of the PL data are related to electronic transition energy between conducive and valence bands. The PL data reconfirm the results of the band gap from the ͑dI/dV͒-V measurements.
This study also determines the stiffness, adhesion and viscoelasticity of the substrate surface, referred to as material hardness based on use of the AFM. On this scale, a diamond has a hardness of 10 ͑hardest͒; SiC has a hardness of 9; and Si has a hardness of 6-7. The nanomechanical properties of a C 84 embedded Si substrate are characterized from the AFM force curves. Figures 4 show the force-distance curves obtained by UHV-AFM. According to these figures, the adhesion is approximately 35.2Ϯ 6.9, 33.2Ϯ 6.5, 14.6Ϯ 6.0, and 5.5Ϯ 1.2 nN for clean disordered, 7 ϫ 7, C 84 embedded Si͑111͒ surfaces and SiC in UHV-AFM system, and 100.2Ϯ 13.2, 59.0Ϯ 6.5, and 32.3Ϯ 4.3 nN for Si͑111͒, C 84 embedded Si͑111͒, and SiC surfaces in atmosphere. A lower adhesion force implies a harder material. Above results demonstrate that the hardness of the proposed C 84 embedded Si substrate is comparable to that of SiC surfaces.
In summary, the nanocharacteristics of the C 84 embedded Si surface are examined using various surface analysis approaches in both the atmosphere and UHV system. Experimental results indicate that the C 84 embedded Si surface has a highly uniform distribution, a high emission efficiency and a low turn-on voltage, making it highly promising as a field emitter source. The fullerene embedded silicon surface, based on a controlled nanotechnology self-assembly mechanism, is a significant improvement in the application field of FED, optoelectronical device fabrication, and semiconductor carbide replacement. 
